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Abstract
Stress corrosion cracking (SCC) in distilled water was studied for AZ31, processed by differential-speed-rolling to different strengths, using
Linear Increasing Stress Tests (LISTs). The stress corrosion crack velocity was 5.0 ± 2.5 × 10−9 m s−1, independent of applied stress rate and
independent of material strength. SCC susceptibility was greater at lower applied stress rates manifest most importantly as a lower threshold stress
for stress corrosion crack initiation. SCC susceptibility could be characterised by the ratio of threshold stress to yield stress, which was dependent
on processing details and was as low as 0.3.
© 2015 Production and hosting by Elsevier B.V. on behalf of Chongqing University.
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1. Introduction
Stress corrosion cracking (SCC) is known to be an issue for
Mg alloys [1–3] and this topic has recently received consider-
able attention [4–23]. The reviews by Winzer and co-workers
[1–3] on the stress corrosion cracking (SCC) of Mg alloys
showed that SCC can occur at stresses equal to 50% of the yield
stress. A continuous second phase along grain boundaries
causes intergranular stress corrosion cracking (IGSCC). Heat
treatment can dissolve such a distribution of second phase, and
remove the possibility of IGSCC. In contrast, transgranular
stress corrosion cracking (TGSCC) can occur in distilled water,
indicating that no deleterious ions are needed [1,24–26].
TGSCC involves hydrogen [1,27]. Our subsequent studies of
Mg SCC include studies of Mg-X alloys [28,29], and ultra-
high-purity Mg5Zn [30].
Winzer et al. [24–26] showed that AZ31 suffered stress cor-
rosion cracking in distilled water, the threshold stress was about
0.6 times the yield stress, the stress corrosion crack velocity
was 4.0 ± 2.4 × 10−9 m s−1 independent of the applied strain rate
in constant extension rate tests, and presented evidence that the
stress corrosion cracking mechanism involved the HELP
(hydrogen enhanced localised plasticity) mechanism.
Kim et al. [31–33] have recently demonstrated that high-
ratio differential speed rolling can reduce grain size down to
sub-micrometer size in metals [31–33], and subsequently also
in metal-matrix composites [34–36]. In particular, Kim
et al. [31] used high-ratio differential speed rolling to produce
high strength in the Mg alloy AZ31, achieving a yield
strength of 380 MPa, a tensile strength of 410 MPa, and an
elongation to fracture of 7%, for material having a grain size of
0.6 μm.
Thus, it is of considerable interest to study the stress corro-
sion cracking behaviour in distilled water of the high-strength
AZ31 produced by high-ratio differential speed rolling of
AZ31. That is the aim of this paper.
2. Experimental methods
Table 1 provides a summary of the specimen material
studied in this paper, which were designated as AZ31ar,
DR423wq, DR473wq, and DR473ac. AZ31ar was from an
extruded AZ31 plate (3 wt%Al, 0.8 wt%Zn, 0.2 wt%Mn),
2 mm in thickness. High-ratio differential speed rolling was
used to process this extruded plate to produce DR423wq,
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DR473wq, and DR473ac as follows. This extruded plate was
rolled using a rolling mill with 300 mm rolls, under non-
lubricated conditions, for a total thickness reduction of 66%.
The top roll rotated at 6 revolutions per minute, while the
bottom roll rotated in the opposite direction at 3 revolutions per
minute. The temperature of the rolls was maintained using
heating elements at 473 K or 423 K. The 2 mm plate was rolled
in two passes. In the first pass, the cold plate was rolled using
rolls at 473 K, rolled from 2 mm thickness to 1.65 mm thick-
ness, and air-cooled. This is designated as R1 at 473 K in
Table 1. In the second pass, the material, in an unchanged
orientation, was rolled to the final thickness at 473 K or 423 K,
and either water quenched (to produce respectively DR473wq
and DR423wq) or air-cooled (to produce DR473ac). The sheet
thickness was 0.70 mm for DR473wq and DR423wq, and was
0.65 mm for DR473ac.
Table 1 also gives the resultant grain size and mechanical
properties from Kim et al. [31] and the corresponding designa-
tions used by Kim et al. [31]. DR423wq had a yield strength
and a tensile strength significantly higher than that of the
as-received AZ31ar, with an elongation to fracture of 7%.
Stress corrosion cracking was studied using the Linearly
Increasing Stress Test (LIST) [37] as in our prior studies of the
stress corrosion cracking of Mg alloys [24–26,28–30]. The
specimen was a sheet tensile specimen with gauge length of
20 mm, gauge width of 2 mm, thickness equal to the sheet
thickness, and long specimen direction in the plate rolling
direction (i.e. these were longitudinal specimens). The speci-
men, while exposed to the solution of interest, was subjected to
a linearly increasing stress until fracture. Linearly increasing
stress tests (LISTs) were carried out all on the same LIST
apparatus in the period July to Nov 2012. A potential drop
technique measured the specimen resistance and was used to
identify the yield stress (in air or in solution in the absence of
stress corrosion cracking) and the threshold stress for stress
corrosion crack initiation in solution, as in our prior studies
[28–30,37]. The ultimate tensile strength was evaluated from
the load at fracture. Each stress was evaluated as an engineering
stress based on the original cross-section area of the specimen.
Subsequently, standard tensile tests were carried out using an
Instron universal testing machine.
3. Results
3.1. LISTs
Fig. 1 presents the relative electrical resistance plotted
versus applied stress for Linearly Increasing Stress Tests
(LISTs) using AZ31ar tested under the following applied
stress rates and environments: (i) 0.040 MPa s−1 in air,
(ii) 0.0024 MPa s−1 in distilled water (DW) and (iii)
0.00024 MPa s−1 in distilled water (DW). These curves (and
subsequent similar curves) have been displaced vertically to
provide a clear separation between the curves. The electrical
resistance data measured throughout this work were noisy,
much noisier than comparable data for steels [38–46], and
comparable with our prior data for Mg alloys [28–30]. Our
experience with LIST testing indicates that there is initially a
slow linear increase of the specimen electrical resistance with
increasing applied stress in the early part of the LIST, attributed
to a decrease in specimen cross-section and an increase in
specimen length with increasing stress. At the threshold stress
for stress corrosion cracking, and at the yield stress, there is a
significant increase in the rate of increase of specimen resis-
tance with increasing stress. This allows analysis of the electri-
cal resistance data as illustrated in Fig. 1 to provide estimates
for the yield stress or the threshold stress for the initiation of
subcritical stress corrosion crack growth. The initial electrical
resistance data were fitted to a straight line for a slow increase
of electrical resistance with increasing stress at low stress
values. The electrical resistance data at the higher stresses were
also fitted to a straight line, but with a greater slope, and the
intersection of these two straight lines was identified as the
yield stress or the threshold stress for the initiation of subcriti-
cal stress corrosion crack growth. The evaluated stresses were
dependent on the details of the fitting. Nevertheless, in all the
cases investigated herein, there was a significant change of
slope in the raw data, and experience with fitting various slope
lines to the data indicated that the error in the evaluated stresses
was probably less than 10%.
Table 2 provides the resulting values of (i) yield stress and
threshold stress for the initiation of stress corrosion cracking
and (ii) the fracture stress, evaluated as the stress at which the
specimen fractured. The values of yield stress in air and the
Table 1
Specimen material designations, treatments, grain size, dislocation density, and mechanical properties from reference 31 and designation used by Kim et al. [31].
WQ is water quenched.
# Specimen material
designation
Treatment Grain size, d, dislocation density,
yield strength, sy, tensile strength,
su, and elongation to fracture, ef.
Designation [31]
1 AZ31ar As extruded 2 mm
thick sheet
d = 20 μm
sy = 220 MPa, su = 260 MPa, ef = 18%
As received AZ31
2.1 DR423wq R1 at 473 K,
R2 at 423 K, WQ
d = 0.6 μm, high dislocation density
sy = 382 MPa, su = 401 MPa, ef = 7%
SC423WQ
2.2 DR473wq R1 at 473 K,
R2 at 473 K, WQ
d = 0.9 μm, low dislocation density
sy = 300 MPa, su = 330 MPa, ef = 14%
SC473WQ
3 DR473ac R1 at 473 K,
R2 at 473 K, air cool
d = 1.3 μm, low dislocation density
sy = 290 MPa, su = 310 MPa, ef = 13%
SC473
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fracture stress in air for AZ31ar were somewhat greater than
the corresponding values measured by Kim et al. [31] and
included in Table 1. The values of the threshold stress for
subcritical stress corrosion crack initiation in distilled water at
an applied stress rate of 0.0024 MPa s−1 were smaller than the
values of the yield stress in air, and furthermore the values of
the threshold stress were lower still at the slower applied stress
rate of 0.00024 MPa s−1. This indicated the occurrence of stress
corrosion cracking in AZ31ar in these tests in distilled water.
Fig. 2 presents the electrical resistance versus stress curves
for LISTs of differentially-rolled DR423wq, tested under the
following applied stress rate and environment conditions: (i)
0.1134 MPa s−1 in air, (ii) 0.1134 MPa s−1 in distilled water
(DW), (ii) 0.0068 MPa s−1 in distilled water (DW) and (iv)
0.00068 MPa s−1 in distilled water (DW). The data were
analysed assuming that electrical resistance increased slowly
and linearly with increasing stress up to the yield stress or the
threshold stress for the initiation of subcritical stress corrosion
crack growth; and as the stress increased further, the electrical
resistance increased sharply at an accelerated rate, and subse-
quently accelerated more quickly up to the final fracture stress.
The data were analysed as shown in Fig. 2 to estimate the yield
stress or the threshold stress for the initiation of subcritical
stress corrosion crack growth, and these values are presented in
Table 2.
Table 2 shows that for DR423wq tested at the stress rate of
0.1134 MPa s−1, the yield stress values for the specimens
tested in distilled water (DW) were similar to the values for the
specimens tested in air, whereas the values of the ultimate
tensile stress tested in distilled water (DW) were a little lower
than those in air. For the tests at the lower stress rates,
0.0068 MPa s−1 and 0.00068 MPa s−1, the threshold stress
values were lower, and decreased at the lower applied stress
rates, and similarly the ultimate tensile stress values were also
decreased. This indicated increasing SCC sensibility in distilled
water (DW) for DR423wq.
Fig. 3 similarly presents the electrical resistance of LIST
specimens of DR473wq versus stress during LIST test
at the following applied stress rates and conditions: (1)
0.1134 MPa s−1 and 0.068 MPa s−1 in air, (2) 0.068 MPa s−1 in
distilled water, (3) 0.0068 MPa s−1 in distilled water and (4)
0.00068 MPa s−1 in distilled water. The data were analysed as
for Fig. 2. The values of threshold stress and fracture stress are
presented in Table 2.
Table 2 shows that the yield stress of DR473wq tested in air
was similar at the applied stress rates of 0.068 MPa s−1 and
0.1134 MPa s−1, and these values were similar to the values in
distilled water (DW) at the applied stress rate of 0.068 MPa s−1.
At the lower values of applied stress rate of 0.0068 MPa s−1 and
0.00068 MPa s−1, there were significantly lower values of
threshold stress and ultimate tensile stress measured in distilled
water (DW). For one specimen, tested at 0.0068 MPa s−1 in
distilled water (DW), the threshold stress was equal to ultimate
tensile stress because the specimen fractured at the threshold
stress. The electrical resistance data were noisy for the speci-
mens tested at 0.00068 MPa s−1; nevertheless, these threshold
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Fig. 1. Relative electrical resistance of AZ31ar specimens versus stress for LISTs under the following conditions: (1) 0.040 MPa s−1 in air, (2) 0.0024 MPa s−1 in
distilled water and (3) 0.00024 MPa s−1 in distilled water. The electrical resistance data were much noisier than comparable data for steels. Based on our experience,
the resistance data were fitted as follows. (i) There was initially a slow linear increase of resistance with increasing stress due to the decrease in section and increase
in specimen length, and the initial part of the data was fitted by a slowly increasing straight line. (ii) A more rapid increase in resistance occurred at the onset of
subcritical stress corrosion crack growth, or the onset of yielding. The threshold stress for initiation of subcritical cracking (or the onset of yielding) was identified
by the intersection of the initial straight line and a straight line fitting the data at the higher stress values.
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Table 2
Data for AZ31 as-received (AZ31ar) and differentially rolled (DR423wq, DR473wq and DR473ac) tested with Linearly Increasing Stress Tests (LISTs) in air or distilled water (DW) at the various applied stress
rates. Quantities evaluated included: yield stress or threshold stress for stress corrosion crack initiation, fracture stress, time for SCC (evaluated from the difference of the fracture stress and the threshold stress,
and the applied stress rate), maximum crack size, a, evaluated from fractography of the fracture surfaces, stress corrosion crack growth rate, and ratio of threshold stress to yield stress. NM indicated not measured
(as the sample was lost).
Specimen
material
Specimen
designation
Test
environment
Applied stress
rate (MPa s−1)
Yield stress or
threshold stress (MPa)
Fracture
stress (MPa)
Time for
SCC (s)
Maximum crack
size (mm)
Crack growth
rate (m s−1)
Threshold stress/
yield stress
AZ31ar 1-01 Air 0.040 305 400 – – –
1-02 Air 0.040 300 390 – – –
1-03 DW 0.0024 260 325 31,320 0.071 2.3 × 10−9 0.86
1-04 DW 0.0024 270 330 23,400 0.064 2.7 × 10−9 0.89
1-05 DW 0.00024 215 240 126,000 1.12 8.9 × 10−9 0.71
1-06 DW 0.00024 175 205 111,960 0.48 4.3 × 10−9 0.58
DR423wq 2.1-01 Air 0.11 472 590 – – –
2.1-02 Air 0.11 492 570 – – –
2.1-03 DW 0.11 453 540 817 – – 0.94
2.1-04 DW 0.1134 488 560 504 – – 1.01
2.1-05 DW 0.0068 448 560 10,080 0.086 8.5 × 10−9 0.93
2.1-06 DW 0.0068 431 520 18,612 0.083 4.5 × 10−9 0.89
2.1-07 DW 0.00068 232 290 55,800 0.45 8.1 × 10−9 0.48
2.1-08 DW 0.00068 239 280 41,940 0.50
DR473wq 2.2-01 Air 0.068 274 340 – – –
2.2-02 Air 0.11 316 360 – – –
2.2-03 DW 0.068 302 360 – – – 1.06
2.2-04 DW 0.068 270 320 – – – 0.95
2.2-05 DW 0.0068 200 200 – NM – 0.70
2.2-06 DW 0.0068 271 310 9,000 0.079 8.8 × 10−9 0.95
2.2-07 DW 0.00068 127 160 50,400 0.16 3.2 × 10−9 0.45
2.2-08 DW 0.00068 131 180 64,800 0.20 3.2 × 10−9 0.46
2.2-09 DW 0.00068 89 120 43,560 0.16 3.6 × 10−9 0.31
DR473ac 3-01 Air 0.073 224 280 – – –
3-02 Air 0.073 217 290 – – –
3-03 DW 0.0073 190 270 10,800 0.015 1.4 × 10−9 0.86
3-04 DW 0.0073 162 260 12,960 0.075 5.8 × 10−9 0.73
3-05 DW 0.00073 94 140 67,212 0.26 3.9 × 10−9 0.31
3-06 DW 0.00073 114 140 42,480 0.22 5.2 × 10−9 0.52
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values were lower than the values measured at the higher
applied stress rates, and moreover, the fracture stress values
were also similarly lower than at the higher stress rates.
Fig. 4 presents similarly the electrical resistance of
LIST specimens of DR473ac versus stress during for
LISTs with the following conditions: (i) 0.073 MPa s−1 in
air, (ii) 0.0073 MPa s−1 in distilled water (DW) and (ii)
0.00073 MPa s−1 in distilled water (DW). The data were
analysed as for Figs. 1 to 3 and the resulting values of yield or
threshold stress and fracture stress are presented in Table 2.
Table 2 indicates that the values of threshold stress and
fracture stress of DR473ac in distilled water (DW) were lower
than the corresponding values in air. Furthermore, the values of
the threshold stress and fracture stress at an applied stress of
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Fig. 2. Electrical resistance of DR423wq LIST specimens versus stress curves under the following conditions: (1) 0.1134 MPa s−1 in air, (2) 0.1134 MPa s−1 in
distilled water, (3) 0.0068 MPa s−1 in distilled water and (4) 0.00068 MPa s−1 in distilled water. The data fitting for Figs. 2 to 4 was as for Fig. 1.
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Fig. 3. Electrical resistance of DR473wq LIST specimens versus stress during LIST test at: (1) 0.1134 MPa s−1 and 0.068 MPa s−1 in air, (2) 0.068 MPa s−1 in
distilled water, (3) 0.0068 MPa s−1 in distilled water and (4) 0.00068 MPa s−1 in distilled water.
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0.00073 MPa s−1 in distilled water (DW) were lower than the
corresponding values at the higher applied stress rate. For
example, the average threshold stress for specimens tested at
0.00073 MPa s−1 in distilled water (DW) was about 104 MPa
compared to the value of 220 MPa at the applied stress rate of
0.073 MPa s−1 in air.
Table 2 also presents the time for stress corrosion cracking in
distilled water, evaluated as the time taken for the Linearly
Increasing Stress Test between the measured values of the
threshold stress and the fracture stress. The time for stress
corrosion cracking increased at the lower applied stress rates,
indicating that there was a longer time between the threshold
stress and the fracture stress.
3.2. Fractography
Figs. 5 to 9 present the fracture surfaces of AZ31ar and
differentially rolled DR423wq, DR473wq and DR473ac after
the Linearly Increasing Stress Tests (LISTs) in air and in dis-
tilled water.
The fractures for specimens after LISTs in air were ductile,
with microvoid coalescence, as illustrated in Fig. 5a and b for
AZ31ar, Fig. 5c and d for DR423wq, Fig. 5e and f for
DR473wq, and Fig. 5g and h for DR473ac.
In contrast, LISTs in distilled water (DW) produced stress
corrosion cracks that initiated at the specimen surface, caused
over load fracture when the crack length became sufficiently
long, and were transgranular as documented in Figs. 6 to 9. The
fractography indicated that for each LIST in distilled water at
an applied stress rate of 0.0068 MPa s−1 or slower, there was
evidence of stress corrosion cracking on the fracture surface
indicating the there had been stress corrosion cracking.
Fig. 6a shows an overview of the fracture surface of
AZ31ar after the LIST test in distilled water at an
applied stress rate of 0.00024 MPa s−1. This shows that stress
corrosion cracking initiated at the top gauge surface of the
specimen, and reached 0.46 mm in depth. The rest of the
surface was the overload region, and consisted of dimple
rupture similar to the fracture surface in air. Fig. 6b presents a
higher magnification view of the stress corrosion crack.
This revealed that the stress corrosion crack was
transgranular and brittle in appearance. Examination at higher
magnifications did not reveal any new features, and thus no
higher magnification fractographs are included. There was no
sign of any ductility.
Fig. 7 shows the fracture surface of DR423wq after LIST
test at an applied stress rate of 0.0068 MPa s−1 in distilled water.
The stress corrosion cracking had initiated at some parts of the
specimen surface and had reached 80 μm in depth. The stress
corrosion cracking was flute-like, transgranular and brittle in
appearance. The central (overload) area of the specimen showed
dimpled fracture as is clear from Fig. 7(a).
Fig. 8 shows a typical fracture surface of DR473wq in dis-
tilled water. There was stress corrosion cracking along the
bottom gauge surface and dimple rupture over the remainder of
the fracture surface (the overload region). Fig. 8b presents a
high magnification view of the stress corrosion crack, which
was similar in appearance to those in Figs. 6b and 7b. The stress
corrosion crack was transgranular and brittle in appearance.
There was no evidence of any ductility. The stress corrosion
crack growth was from the gauge surface at the bottom of the
figure towards the middle of the specimen. There were
secondary cracks towards the top of the magnified view in
Fig. 8(b).
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Fig. 4. Electrical resistance of DR473ac LIST specimens versus stress during LIST test at: (1) 0.073 MPa s−1 in air, (2) 0.0073 MPa s−1 in distilled water, and (3)
0.00073 MPa s−1 in distilled water.
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Fig. 9 presents the fracture surface of DR473ac after LISTs
in distilled water. Stress corrosion cracks had initiated over
most of the top and bottom gauge surfaces, and grown to
various depths; the deepest was at the bottom left part of the
specimen. The stress corrosion cracks consisted of parallel
facets and ridges along the crack direction, as shown in Fig. 9c.
There was no evidence of any ductile dimples at higher
magnifications.
Table 2 also records the maximum stress corrosion crack
size, measured from the fracture surface, for each Linearly
Increasing Stress Test specimen tested in distilled water. The
maximum stress corrosion crack size increased with decreasing
applied stress rate, attributable to the fact that there was longer
for stress corrosion cracking for the Linearly Increasing Stress
Tests at the lower applied stress rates.
4. Discussion
4.1. Mechanical property values
Table 2 indicates that the values of yield strength and frac-
ture strength measured by the LISTs was somewhat greater than
the corresponding values in Table 1 measured by Kim et al.
(a) (b)
(c)
(d)
(e) (f)
(g)
(h)
Fig. 5. Fracture surfaces of LISTs in air of (a,b) AZ31ar tested at 0.040 MPa s−1 in air, (c,d) DR423wq tested at 0.11 MPa s−1, (e,f) DR473wq at 0.068 MPa s−1 in,
and (g,h) DR473ac at 0.068 MPa s−1.
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[31]. Linearly increasing stress tests (LISTs) were carried out
all on the same LIST apparatus in the period July to November
2012. Subsequently, the LIST apparatus has been transported to
the new Advanced Engineering Building, recalibrated, and a
repeat measurement gave values consistent with those in
Table 1. Similarly, standard tensile tests gave values consistent
with those in Table 1. Thus, the values of yield and tensile stress
in Table 2 have considerable systematic errors; however, it is
expected that nevertheless a comparison is still possible
between these values because they were all measured on the
same LIST apparatus and were measured in a comparably short
period of time.
4.2. LISTs
The fractography indicated that for each LIST in distilled
water at an applied stress rate of 0.0068 MPa s−1 or slower, there
was evidence of stress corrosion cracking on the fracture
surface, indicating that there had been stress corrosion crack-
ing. This means that the electrical resistance data had identified
the threshold stress for stress corrosion crack initiation. For
these conditions, Table 2 indicates that (i) the threshold stress
for stress corrosion crack initiation was lower than the yield
stress in air, (ii) the threshold stress for stress corrosion crack-
ing was lower at the lower applied stress rates, (iii) the fracture
stress was lower than that in air, (iv) the fracture stress in
distilled water was lower at the lower applied stress rates, and
(v) the ratio of threshold stress to yield stress was lower at lower
applied stress rates, decreased with decreasing applied stress
rates and was as low as 0.3. These trends were similar for the
four metallurgical conditions studied.
These trends indicate that (i) AZ31 increased in sensitivity to
stress corrosion cracking with decreasing applied stress rate,
and that (ii) the sensitivity to stress corrosion crack initiation
was dynamic, and increased at lower applied stress rates.
Table 2 provides an evaluation of the stress corrosion crack
growth velocity for each Linearly Increasing Stress Test in
distilled water (DW). Each stress corrosion crack growth veloc-
ity was evaluated from (the maximum stress corrosion crack
size measured on the fracture surface) divided by the (time for
stress corrosion cracking). These values of stress corrosion
cracking velocity had significant scatter for identical condi-
tions. For example: (i) the stress corrosion crack velocity was
evaluated to be 8.9 × 10−9 m s−1 and 4.3 × 10−9 m s−1 for AZ31ar
at an applied stress rate of 0.00024 MPa s−1 in distilled water;
(ii) the stress corrosion crack velocity was evaluated to be
8.5 × 10−9 m s−1 and 4.5 × 10−9 m s−1 for DR423wq at an
applied stress rate of 0.0068 MPa s−1 in distilled water; and (iii)
the stress corrosion crack velocity was evaluated to be
1.4 × 10−9 m s−1 and 5.8 × 10−9 m s−1 for DR473ac at an applied
stress rate of 0.0073 MPa s−1 in distilled water.
(a) (b)
0.46mm
Fig. 6. Fracture of AZ31ar after LIST test in distilled water at 0.00024 MPa s−1. (a) The flat transgranular stress corrosion fracture propagated from the gauge surface
towards the centre area of the sample. (b) A higher magnification view of the region in (a) identified by the square, detailing the stress corrosion crack morphology
as brittle with no ductile features.
(a)
(b)
80µm
Fig. 7. Fracture of AZ31 DR423wq after LIST test at 0.0068 MPa s−1 in dis-
tilled water.
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Moreover, these data further show that (i) the stress corro-
sion cracking velocity was similar for applied stress rates dif-
ferent by an order of magnitude, and (ii) the stress corrosion
cracking velocity was similar for the four material conditions.
If it is assumed that the stress corrosion crack velocity in
distilled water was not dependent on applied stress rate,
and was not dependent on the strength of the material, then
the average value of the measured values gives the best
measurement of the stress corrosion crack velocity. This average
stress corrosion crack velocity in distilled water was
5.0 ± 2.5 × 10−9 m s−1. This value of stress corrosion crack
velocity in distilled water was in good agreement with our
previous measurements of 4.0 ± 2.4 × 10−9 m s−1.
4.3. Fractography
The fractography can be summarised as indicating that stress
corrosion cracks initiated at the gauge surfaces of the speci-
mens. Often many stress corrosion cracks had initiated and
grown independently. The appearance of the stress corrosion
cracks was similar at the different applied stress rates and for
the four different material strength conditions.
The stress corrosion cracks consisted of parallel facets and
ridges along the crack direction, as shown in Fig. 9c. There was
no evidence of any ductile dimples at higher magnifications.
Based on the features of SCC of AZ31 under different DR
conditions, the fractography showed the TGSCC fracture as
evidenced as the parallel facets along the crack direction in
distilled water. This is somewhat in contrast to the previous
work by Winzer et al. [24–26] that indicated that the stress
corrosion cracking mechanism for AZ31 in distilled water was
hydrogen enhanced localised ductility, due to the observation of
very-fine dimples. There may have been such fine dimples in
the present case; however, observation of such fine dimples can
be extremely difficult.
4.4. SCC susceptibility
Table 2 indicated that the ratio of threshold stress to the yield
stress was as low as 0.3, and was somewhat lower than mea-
sured in the prior work by Winzer et al. [24–26].
Fig. 10 presents the ratio of threshold stress to yield stress
plotted against the applied stress rate. For applied stress rates
above ~0.02 MPa s−1, there was no stress corrosion cracking.
(a) (b)
Fig. 8. Fracture of DR473wq at 0.00068 MPa s−1 in distilled water.
(a)
(b) (c)
Fig. 9. Fracture appearance of DR473ac at 0.00073 MPa s−1 in distilled water.
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The threshold stress for stress corrosion cracking could be
considered to be equal to the yield stress. Thus, the ratio
(threshold stress/yield stress) was drawn as a horizontal line at
a value of 1.0. For lower values of applied stress rates, the
threshold stress for stress corrosion cracking was considerably
lower than the yield stress, and depended on the specimen
material and the applied stress rate. For these conditions, three
straight lines were drawn through the following data: (i)
AZ31ar, (ii) DR423wq, and (iii) DR473wq and DR473ac.
Thus, the decrease of threshold stress with decreasing applied
stress rate was least for AZ31ar. The decrease was greater for
DR423wq. There was a greater decrease for DR472wq and
DR473ac, but as there was much scatter for the data for these
two materials, and the data overlapped, only one line is drawn
through the combined data of DR473wq and DR473ac. This
indicates that the SCC susceptibility increased in the following
order: AZ31ar < DR423wq < DR473wq ~ DR473ac. This
order is attributed to the microstructure of the various materials.
Fig. 11 provides a plot of the stress corrosion susceptibility
index, given by
I T T
TSCC
=
−air DW
air
(1)
where Tair is the yield stress (as measured in air) and TDW is the
threshold stress for stress corrosion crack initiation in distilled
water (DW). Note that ISCC is equal to zero if there is no stress
corrosion cracking susceptibility, and the threshold stress for
crack initiation in distilled water (DW) equals the yield stress.
Furthermore, ISCC increases to a value of 1.0 with increasing
stress corrosion cracking susceptibility, as the threshold stress
in distilled water decreases down to zero. Fig. 11 uses the
same groupings as in Fig. 10, consistent with increasing stress
corrosion cracking susceptibility in the following order:
AZ31ar < DR423wq < DR473wq ~ DR473ac. At fast, applied
stress rates there was no stress corrosion cracking, and the
susceptibility index was equal to zero. For slower applied stress
rates, the susceptibility index increased with decreasing applied
stress rate, and the increase was dependent on the specimen
material. The same data groupings have been used as in Fig. 10:
AZ31ar < DR423wq < DR473wq ~ DR473ac.
5. Conclusions
Stress corrosion cracking in distilled water was studied for
AZ31, processed by differential-speed-rolling to different
strengths, using Linear Increasing Stress Tests (LISTs).
1 The stress corrosion crack velocity was 5.0 ± 2.5 ×
10−9 m s−1, independent of applied stress rate and indepen-
dent of material strength.
2 The stress corrosion cracking susceptibility was greater at
lower applied stress rates manifest most importantly as a
lower threshold stress for stress corrosion crack initiation.
3 The ratio of threshold stress to yield stress was as low as 0.3.
4 The SCC susceptibility increased in the following order:
AZ31ar < DR423wq < DR473wq ~ DR473ac.
Fig. 10. Ratio (threshold stress)/(yield stress) for AZ31ar, DR423wq, DR473wq and DR473ac. For applied stress rates above ~0.02 MPa s−1, there was no stress
corrosion cracking. The threshold stress for stress corrosion cracking could be considered to be equal to the yield stress. Thus, the ratio (threshold stress/yield stress)
is drawn as a horizontal line at a value of 1.0. For lower values of applied stress rates, the threshold stress for stress corrosion cracking was considerably lower than
the yield stress, and depended on the specimen material and the applied stress rate. For these conditions, three straight lines have been drawn through the following
data: (i) AZ31ar, (ii) DR423wq, and (iii) DR473wq and DR473ac.
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